Tunnel collapse remains a serious problem in practice. Effective prediction methods on tunnel collapse are necessary for tunnel engineering. In this study, systematic study on the pressure arch was presented to predict tunnel collapse. Multiple factors under different conditions were considered. First, the pressure arch was described as a certain scope in comparison with the lowest pressure arch line. Then, a deep-buried circular tunnel was selected as the investigated object. Its collapse scope was analyzed using the lowest pressure arch line. Meanwhile, the main influence from the ground stress field was considered. Different modes of ground stress fields were investigated in detail. The results indicate that the collapse scope varies with different ground stress fields. Determination on the collapse scope is strongly affected by the judgment standard of the pressure arch. Furthermore, a selected case was analyzed with the pressure arch. The area and the height of tunnel collapse were calculated with multiple factors, including ground stress field, judgment standard, and lateral pressure coefficient. Finally, selected results were compared with relevant previous researches, and reasonable results were obtained. The present results are helpful for further understanding of the tunnel collapse and could provide suitable guidance for tunnel projects.
Introduction
Roof collapse of underground cavities is a practical problem in geotechnical engineering, which usually arises not only in shallow tunnels but also in deep-buried tunnels. Recently, deeper and longer tunnels have been constructed or are under construction in hydropower and transportation fields in China [1] . During the construction of deep-buried tunnels, collapse frequently occurs, which leads to great economic losses and heavy casualties [2] [3] [4] . Many efforts have been made to prevent deep-buried tunnels from collapsing, including monitoring, measurement, and prediction. Meanwhile, collapse prediction for deep-buried tunnels is imperative during tunnel construction.
Deep-buried tunnels present many complicated engineering problems [5] . First, tunneling usually traverses multiple geological conditions, like deep underground strata and thick or extremely thick layered rock strata. Second, the presence of cracks and fractures in rock banks can directly induce tunnel collapse [3, 6] . Third, tunnel collapse is strongly affected by random variation in the mechanical properties of the rock in situ. In addition, tunnel collapse can be caused not only by these natural factors [7] but also by human factors, including blast vibration [8] , construction conditions, support design, and unexpected failures at work. As a result, more and more attention has been paid to tunnel collapse, particularly for deep-buried tunnels. In order to better understand tunnel collapse, much research has been done on estimating the instability of tunnel roofs and heading faces, using several approaches, including numerical simulation, experimental methods, and analytical approaches [9] [10] [11] . However, it is difficult to investigate tunnel collapse experimentally, since recent measurement techniques are limited by the multiscale complexity of the system. Numerical simulations are usually accompanied by multiple assumptions with a complex calculation process. Due to its feasibility and conveniences, the analytical approach has been widely employed to estimate the stability problems in tunnel engineering.
Previous studies on tunnel collapse have focused on analysis techniques, which have been proposed for evaluating the stability of tunnels and investigating the so-called arching effect for both soft soils and hard rocks [12, 13] . Meanwhile, some techniques depended on the specific prepartitioning of the soil domain with theorems of limit analysis [14] . Three independent methods were used to evaluate the roof collapse of underground rectangular cavities for a range of geometries and rock properties [15] . Moreover, an analytical upper bound method, proposed by Fraldi and Guarracino, was used to predict plastic collapse in circular rock tunnels [6, 16] . According to Hoke-Brown failure criterion and the upper bound theorem of limit analysis, tunnel collapse under seepage forces condition and three-dimensional failure mechanism of a rectangular cavity were studied in detail [9, [17] [18] [19] [20] [21] . Senent et al. [22] studied the face stability of circular tunnels, which were excavated in heavily fractured and "low quality" rock masses, and the nonlinear HokeBrown (HB) failure criterion was applied. Useful results have been obtained with the abovementioned methods. However, due to the complex features of the engineering conditions, it is difficult for one method to obtain useful results when predicting collapse position and the collapse height. In addition, an accurate method of determining the loading mode has yet to be found, which should be acknowledged and could be applied to a wide range of tunnel collapses. Therefore, further research on predicting tunnel collapses is indeed necessary. To estimate the instability of tunnel roofs, a reliable and feasible method is still needed to calculate the collapse scope more accurately for deep-buried tunnels under different ground stress fields.
In practice, the main issue faced by engineering is the analysis of roof failure occurring in deep-buried tunnels [9] . It is still difficult to accurately calculate the key parameters of pressure in the surrounding rock and the relative arching mechanism is also ambiguous [23] . Meanwhile, the evolution characteristics of the pressure arch for a tunnel are difficult to determine exactly. Generally, there is a lack of theoretical solutions, not only for estimating the instability of tunnel roof, but also for predicting the scope of collapse for deep-buried tunnels, especially under different stress fields. However, there are many methods currently being investigated by engineers and researchers, including the analogue model with experience, the structural-geological model, the constrained model with convergence, and the load model. The load model is regarded as one of the most useful models for calculating the pressure of the surrounding rock in tunnel engineering. In detail, the load model involves the restrictive effect of upper strata on the surrounding rock, which is regarded as the main effect of the pressure arch. Research on the pressure arch has been conducted for a long time, but its application is very limited in some conditions.
In the present work, pressure arch theory was employed as an analysis method to predict the collapse scope in deepburied tunnels. First, the pressure arch derived from pressure arch theory is described in detail. Meanwhile, the lowest pressure arch curve is presented for prediction. Based on the lowest pressure arch, the presented pressure arch curve was applied to predict the collapse scope for a deep-buried circular tunnel. Then, the main influences of the ground stress field related to tunnel collapses were investigated. Moreover, the area and the height of the collapse scope were calculated and analyzed for the deep-buried circular tunnel. Furthermore, multiple factors, including ground stress field, judgment standard, and lateral pressure coefficient, were considered when calculating the area and height of tunnel collapse to find the tendency and variation. Selected results from the present study were compared with results obtained by other researchers. These results are helpful to estimate the overall burden on the lining and can guide further study of prediction methods for tunnel collapses.
The Pressure Arch Theory
The present pressure arch was derived from pressure arch theory but differs from that theory in key ways, which are described as follows. Before the tunnel excavation, all the surrounding rock was under pressure due to the action of gravity. Thus, the surrounding rock along any inner curve was in a compression state along three axes, known as the triaxial compression state, as shown in Figure 1 . For example, A and B are arbitrary curves of the pressure arch, which are stable.
After tunnel excavation, due to the unloading effect, the stress in the surrounding rock around the tunnel contour changes, and the surrounding rock within different scopes might have different stress levels. Thus, there is no guarantee that the surrounding rock along any arbitrary curve is in a compression state. There should be some surrounding rock in a tensile state with different tensile stress levels. Meanwhile, there exists a curve with a tensile stress of zero. This curve is used for partitioning the region of the surrounding rock above the tunnel contour, which can be divided into two main regions.
Above the curve with a tensile stress of zero, the surrounding rock within a certain scope is thought to be in the unidirectional compression state, which seems like an arch and is defined as the pressure arch in the present study. Furthermore, the curve with a tensile stress of zero is selected as the lowest pressure arch curve. Any arbitrary curve above the lowest pressure arch curve, like A in Figure 1 , is called the pressure arch. On the pressure arch curve, the surrounding rock is still in a compression state, as shown in Figure 2 . On the other hand, below the lowest pressure arch line, the surrounding rock within a limited scope above the tunnel contour is in a tension state with instability, since the tensile bearing capacity is low for the cracked surrounding rock. The unstable state of the surrounding rock could cause collapseinduced damage and lead to tunnel collapse. The scope of instability within the surrounding rock is regarded as the collapse scope in the present study.
According to the abovementioned analysis, the lowest pressure arch line is significant for predicting collapse of the surrounding rock, which should be gained in the first place. Then, the collapse would be gained accordingly when the area and the height of collapse scope for tunnels are obtained.
Results and Discussion

The Pressure Arch with Bidirectional and
Constant Ground Stress
Results of Different Lateral Pressure Coefficients with Different Judgment Standards.
The deep-buried circular tunnel was selected as the investigated object, which was analyzed under bidirectional and constant ground stress, as shown in Figure 3 . The parameters to be analyzed are introduced as follows: the vertical component of nature stress for rock is ; the horizontal component is ; the lateral pressure coefficient is defined as = / ; the radial stress is ; the tangential stress is ; and the minimum principal stress is 3 . Additionally, it was assumed that the compressed state had a positive stress value, while the tension state had a negative stress value. Tangential stress ( ) occurs in the tensile state, which was selected as the judgment standard for the pressure arch. Additionally, the lateral pressure coefficient is = 0.1. Then, the lowest pressure arch line is calculated, as shown in Figure 4 .
In order to calculate the scope of tunnel collapse, a plane rectangular coordinate system was established. As shown in Figure 5 , there are three key points in the pressure arch line: (−2.8, 5.2), (2.8, 5.2), and (0, 9). The equation to determine the lowest pressure arch curve can be obtained as follows: Equation (1) can also be expressed as 1 = − 2 /2.06 + 9, while the equation to determine the tunnel contour curve is presented as
Meanwhile, (2) can also be expressed as 2 = √ 36 − 2 . Therefore, the scope of tunnel collapse can be calculated as follows:
Accordingly, the average height of tunnel collapse can be calculated as follows:
When the tangential stress ( ) in the tensile state is selected as the judgment standard of the pressure arch and the lateral pressure coefficient is = 0.2, the pressure arch curve appears as shown in Figure 6 . According to the abovementioned calculation, the maximum height of tunnel collapse is 1 m, the area of tunnel collapse is 2.05 m 2 , and the average height of tunnel collapse is ℎ avg = 2.05 m 2 /4 m = 0.5125 m.
When the tangential stress ( ) in the tensile state is selected as the judgment standard of the pressure arch and the lateral pressure coefficient is = 1/3, the pressure arch curve appears as shown in Figure 7 . It is possible for the pressure arch curve and the tunnel contour to coincide with each other.
When the minimum principal stress ( 3 ) in a state of tension is selected as the judgment standard of the pressure arch and the lateral pressure coefficient is = 1/3, the pressure arch curve is the same as in Figure 7 , and the surrounding rock is in the compression state. When the lateral pressure coefficient is 0.1, the pressure arch curve appears as shown in Figure 8 .
In order to calculate the area of tunnel collapse, a plane rectangular coordinate system was established. As shown in Figure 9 , there are three key points in pressure arch line, (0, 8), (−3.1, 14), (3.1, 14) , and the equation related to the pressure arch line can be obtained as follows:
Equation (5) is changed to 1 = 2 /1.6 + 8, and the equation related to the tunnel contour curve is In another form, (6) can be presented as 2 = √ 36 − 2 . Thus, the collapse area can be calculated as
Thus, the maximum height of tunnel collapse is 10.9 m, and the average height of tunnel collapse is ℎ avg = 26.54 m 2 /6.2 m = 4.28 m. When the tangential stress 3 in the tensile state is selected as the judgment standard of the pressure arch, the lateral pressure coefficient is = 0.2, and the pressure arch line is shown in Figure 10 . According to the abovementioned calculating process, the maximum height of tunnel collapse is equal to 3.6 m, the area of tunnel collapse is equal to 13.38 m 2 , and the average height of tunnel collapse is ℎ avg = 13.38 m 2 /5.4 m = 2.48 m.
Comparison of Results under Different Conditions.
According to the abovementioned analysis, when the vertical stress is three times greater than the horizontal stress ( < 1/3), the tunnel vault would undergo tensile stress. The area undergoing tensile stress increases as the lateral pressure coefficient ( ) decreases. The effect of the lateral pressure coefficient ( ) on collapse scope is shown in Figure 11 , and the effect of the lateral pressure coefficient ( ) on collapse height is shown in Figure 12 . As shown in Figure 11 , the collapse scope decreases as the lateral pressure coefficient ( ) increases. When the lateral pressure coefficient ( ) is 1/3, the collapse scope is 0. When the tangential stress ( 3 ) in the tensile state is selected as the judgment standard of the pressure arch, the relationship between collapse scope and the lateral pressure coefficient ( ) exhibits a linear tendency. Collapse height increases with the lateral pressure coefficient, as shown in Figure 12 .
It is important to note that the judgment standard of the pressure arch has a great influence on the pressure arch curve. When the minimum principal stress ( 3 ) in tension is selected as the judgment standard, the collapse scope is much larger than that of tangential stress ( ) in tension.
When the horizontal stress is too high, the definition of can be changed from / to / , and the rock mass in a tensile state will occur at the waist of the arch. 
The Pressure Arch with the Ground Stress
Proportional to the Depth
The Theoretical Results of Ground Stress.
As shown in Figure 13 , the ground stress is proportional to the depth for a deep-buried circular tunnel. The stress field of surrounding rock with gravity has been solved using functions of complex variables [24] . In this study, the stress field of surrounding rock with any linear ratio was calculated using the elastic mechanics method.
(1) Original Stress Field of Surrounding Rock before Tunnel
Excavation. The stress field in Cartesian coordinates was converted to polar coordinates, and the results are shown as follows:
where 0 , 0 , and 0 are radial stress, tangential stress, and shear stress for Point 0, respectively. is the buried depth of central tunnel, 1 represents the ratio of the vertical stress to the depth, and 2 represents the ratio between the horizontal stress and the depth. In addition, is the polar radius, and is the polar angle.
(2) Unloading after Tunnel Excavation. After tunnel excavation, the unloading of the working face, = , can be divided into four parts as follows:
The first part:
The second part:
The third part:
The fourth part:
(i) The first part of the stress field induced by unloading is as follows:
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(ii) The second part of the stress field induced by unloading is as follows:
(iii) The third part of the stress field induced by unloading is as follows:
(iv) The fourth part of the stress field induced by unloading is as follows:
] sin 3 ,
] cos 3 .
(13) (3) The Total Stress Field of Surrounding Rock after Tunnel
Excavation. The original stress field and the stress field induced by unloading can be added, and the total stress field after excavation can be obtained as follows:
Case Study.
In order to analyze the pressure arch in detail, a deep-buried circular tunnel was selected as an example. For the tunnel, the buried depth was 600 m, the radius was 6 m, and the rock mass density was 25 kN/m 3 ( 2 = 25 kN/m 3 ). The coefficients of lateral pressure with respect to 1 and 2 were assigned values of 0.1 and 0.2, respectively. Poisson's ratio of rock was 0.2.
When the tangential stress in tension state was selected as the judgment standard of the pressure arch, the typical pressure arch was presented, as shown in Figure 14 . There is an obvious difference between tectonic stress fields with and without gradient. For the tectonic stress field with gradient, the value of with tensile stress and tensile scope all decreases obviously when compared with that of the tectonic stress field without gradient.
In order to gain the scope of tunnel collapse, a plane rectangular coordinate system was established. As shown in Figure 15 , there are three points in pressure arch line, (−1.9, 5.7), (1.9, 5.7), and (0, 6.5), and the equation related to the pressure arch line can be obtained as follows:
With another form, (15) can be presented as 1 = − 2 / 4.5125 + 6.5.
The equation relative to tunnel contour line can be described as
With another form, (16) can be presented as 2 = √ 36 − 2 . 
Therefore, the maximum height of tunnel collapse is equal to 0.5 m, the area is equal to 1.27 m 2 , and the average height of tunnel collapse is ℎ avg = 1.27 m 2 /3.8 m = 0.33 m. When the minimum principal stress in tension state was selected as the judgment standard of the pressure arch, the pressure arch of = 0.2 is shown in Figure 16 , while the pressure arch of = 0.1 is presented in Figure 17 .
In order to gain the scope of tunnel collapse, a plane rectangular coordinate system was established. As shown in Figure 18 , there are five key points in pressure arch line:
(−1.9, 5.7), (1.9, 5.7), (0, 7), (−1.9, 8.2), and (1.9, 8.2). The maximum height of tunnel collapse is equal to 2.5 m, and the equation relation of the pressure arch line can be obtained as follows:
With another form, (18) can be presented as 1 = 2 /3.008 + 7.
The equation relative to tunnel contour line is
Equation (19) can be changed to another form; that is, 
Therefore, the average height of tunnel collapse is ℎ avg = 2.57 m 2 /3.8 m = 0.68 m. 
Comparison of Research Results
Comparison between Different Ground Stresses.
For the area and height of collapse, comparisons between different ground stresses were presented. As shown in Figure 19 , there exists an obvious difference between bidirectional ground stress and proportional ground stress. Furthermore, ground stress has an obvious effect on the area and height of collapse. The collapse area is the largest under bidirectional ground stress when the minimum principal stress in tension state is selected as the judgment standard of the pressure arch. However, the scope of collapse is the smallest under proportional ground stress when the tangential stress in tension state is selected as the judgment standard of the pressure arch. Moreover, the variation tendencies for the maximum height and average height are similar to that of the collapse area changing with different ground stresses.
Therefore, when the minimum principal stress in tension is selected as the judgment standard, the area of the tensile area is obviously larger than that when tangential stress in tension is selected as the judgment standard. Considering engineering safety, the minimum principal stress in tension is the better judgment standard when analyzing the pressure arch.
Comparison with Previous Work.
In order to verify the proposed method, the results were compared with previous studies. Selected conditions were presented for comparison, and the area of tunnel collapse was calculated based on the pressure arch theory. The corresponding parameters are shown as follows: runnel radius is = 6 m, rock mass density is = 25kN/m 3 , the buried depth is = 600 m, the coefficient of lateral pressure is 0.1, and rock Poisson's ratio is equal to 0.2. The result is presented in Figure 20 .
Fraldi and Guarracino [6] have also investigated a similar circular tunnel and obtained the area of collapse scope with varying tunnel radius (Figure 20) , which could be used as a comparison to validate the present model. As shown in the figure, the collapse scope in the present study approximates to that of Fraldi and Guarracino. It indicates that the results derived in the present study agree with that of previous studies to predict the collapse scope in deep-buried circular tunnels. The present method could be used to effectively predict tunnel collapse.
Conclusion
With the consideration of the serious problem with tunnel collapses, the method with the pressure arch was put forward to predict tunnel collapse in the present work. The method was presented with the lowest pressure arch line, which was used to analyze the collapse scope for a deep-buried circular tunnel. Then, the main influence from ground stress field was considered with different conditions: the ground stress proportional to the depth and the bidirectional and constant ground stress. Moreover, the area and the height of tunnel collapse were calculated in detail with the consideration of multiple factors, like ground stress field, judgment standard, and lateral pressure coefficient. It was found that the scope of tunnel collapse differs with different modes of ground stress field, and the collapse scopeis closely related to the judgment standard for the pressure arch. For bidirectional ground stress, the collapse scope decreases with the increasing of the lateral pressure coefficient. For the area and the height of collapse, there exist obvious differences between bidirectional ground stress and proportional ground stress, and the ground stress has an obvious effect on the area and the height of collapse. Furthermore, in order to verify the proposed method, corresponding comparison was presented with the previous findings, and suitable agreements could be gained. The results are significant for further understanding of the essence of tunnel collapse, which could provide more suitable guidance for future tunnel projects. 
